Abstract-Factors determining the carrier distribution in InGaN/GaN multiple-quantum-well (MQW) light-emitting diodes (LEDs) are studied via photoluminescence, temperaturedependent electroluminescence spectra, and numerical simulations. Employing a dichromatic LED device, we demonstrate that the carrier recombination rate should be considered playing an important role in determining the carrier distribution in the MQW active region, not just the simple hole characteristics such as low mobility and large effective mass.
I. INTRODUCTION differences in mobility, effective mass, and carrier concentration between electrons and holes in InGaN-based LEDs. The mobility of holes is only a few cm 2 /V·s, whereas that of electrons is several hundred cm 2 /V·s. Moreover, the effective mass and the activation energy are known to be ∼1.1m 0 and ∼150 meV for holes and ∼0.2m 0 and ∼20 meV for electrons [7] , [8] . As a consequence, holes are typically known to be distributed predominantly in the quantum wells (QWs) closest to the p-type layer. For this reason, hole injection is thought to determine the carrier distribution in the MQW active region and thus the effective active volume in GaN-based LEDs [7] [8] [9] .
In this paper, in order to clarify the carrier distribution in InGaN/GaN MQW LEDs and its determining factors, dualwavelength (or dichromatic) MQWs are employed. While there have been researches using dichromatic or trichromatic MQW LEDs with different indium compositions in each QW [10] , [11] , factors determining the carrier distribution in InGaN/GaN MQW LEDs have not yet been clearly elucidated. Dichromatic or trichromatic LEDs are useful to investigate the distribution of carriers in MQWs as emission wavelengths can be used to determine the carrier distribution. Since it is imperative to have a uniform distribution of carriers across all QWs in order to realize highly efficient LED devices, the study of factors determining the carrier distribution in MQW LEDs is of prime importance. We employ the higher energy QWs at the p-and n-sides to observe the carrier overflow from the lower energy QWs.
II. EXPERIMENTS
Figures 1 (a) and (b) schematically depict the epitaxial structure and the MQW active region of the sample used in this study. The sample has been grown by metal-organic chemical vapor deposition (MOCVD) on a c-plane sapphire substrate. The structure is composed of, from the substrate, a low-temperature nucleation GaN layer, a Si-doped n-GaN layer (n-doping = 5×10 18 cm −3 ), and the MQWs consisting of seven pairs of 3.5-nm-thick QWs sandwiched by 5-nm-thick GaN barriers. The top and bottom QWs have an indium composition of 12% while the other five QWs in the center possess an indium composition of 15%. On top of the MQWs are a 20-nm-thick p-AlGaN electron-blocking layer (EBL) and a Mg-doped p-GaN layer (p-doping = 1×10 18 cm −3 ). The sample has lateral electrodes with a chip size 0018-9197 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 1 . Schematic diagrams of (a) the LED device structure and (b) the MQW layer structure of the sample used in this study. of 700×270 µm 2 , mounted on a surface-mount-device (SMD) package. For experiments, we utilize photoluminescence (PL) and electroluminescence (EL) spectra from the dichromatic LED device and analyze their emission characteristics. In particular, EL spectra are meticulously investigated for low operating temperatures from 50 to 200 K, with consideration of carrier recombination rates in MQWs. The numerical simulations have been performed for detailed analysis. From the analysis, we attempt to understand the underlying factors determining the carrier distribution in MQWs.
III. MEASUREMENT RESULTS AND DISCUSSION
Figures 2 (a) and (b) show the PL spectra of the sample at room temperature, plotted on linear and log scales, respectively. A 325-nm He-Cd laser has been used as an external Fig. 3 . Measurement results of the EL spectrum as a function of driving current at 300 K. Each spectrum is normalized to its peak intensity.
pumping source and spectra are normalized to the peak intensity. As illustrated in Fig. 2 (a) , two main emission peaks are observed, i.e., one at ∼445 nm (spectrum 1) and the other at ∼430 nm (spectrum 2). Spectrum 1 and spectrum 2 correspond to the recombination of electron-hole (e-h) pairs in In 0.15 Ga 0.85 N and In 0.12 Ga 0.88 N QWs, respectively. The additional long wavelength shoulder might have resulted from the multiple interference effect or phonon replicas [12] , [13] . As shown in Fig. 2 (a) , four Gaussian curves have been used to fit the curve: Spectrum 3 and spectrum 4 are employed to fit the long-wavelength shoulder. Spectrum 5 is the sum of the four Gaussian fitting curves, matching the experimental PL result well. Since this long-wavelength shoulder does not significantly affect our subsequent analysis, it is ignored afterwards.
The ratio of the integrated Gaussian fittings for the emission from the In 0.15 Ga 0.85 N QWs, i.e., spectra 2, 3, and 4 to the total integrated spectrum is ∼0.70, which is similar to the ratio of the number of QWs corresponding to spectrum 1 to the total number of QWs (5/7 =∼0.71). In general, almost an equal number of e-h pairs are generated and recombine at each QW in PL measurements [8] . With increase in intensity of the external pumping source, the peak wavelengths of both spectra show slight blue shifts, but the ratio between two integrated spectra still remains at similar values. Thus, we can infer that if the carriers are uniformly distributed across all QWs under forward bias, the EL spectrum should be similar to the PL spectrum shown in Fig. 2 , with spectrum 1 more pronounced than spectrum 2. Figure 3 presents the EL spectra dependent on the driving current at room temperature. Each spectrum is normalized to its peak value. In the low-driving-current region (<10 mA), it is observed that spectrum 1 emitted from the lower-bandgap In 0.15 Ga 0.85 N QWs is predominant. However, as the driving current is increased, spectrum 2 emitted from the higher-bandgap In 0.12 Ga 0.88 N QWs increases drastically compared to spectrum 1. In the high-driving-current region (>150 mA), spectrum 2 becomes more pronounced and the peak wavelength of the EL spectrum shifts from ∼445 nm towards ∼430 nm. From the experimental results shown in Fig. 3 , we notice that the recombination of e-h pairs initially occurs preferentially at the In 0.15 Ga 0.85 N QWs, which are located in the central region of the MQWs. Then, as the current increases, the recombination of e-h pairs in the QWs closest to the p-or n-type layers becomes more significant. The experimental results in Fig. 3 are contrasted with the conventional understanding of the carrier distribution in the MQWs, i.e., holes predominantly occupy the QWs closest to the p-type layer due to their high effective mass and low mobility compared to those of electrons, resulting in preferential radiative recombination there [14] , [15] . Obviously, the QWs with different bandgaps have affected the carrier distribution. The fact that the lower-bandgap QWs emit first at lower currents is considered to be caused by the carrier concentrations building up there more rapidly than in the higher-bandgap QWs, thus inducing more e-h recombinations. These experimental results indicate that different characteristics of holes and electrons are not the only dominant factors determining the carrier distribution in the MQWs. Rather, it may be the carrier dynamics that determines the eventual carrier distribution in the MQWs. The observation that at high driving currents, spectrum 2 from the higher-bandgap QWs occupies a more significant portion than in the PL spectrum shown in Fig. 2 is discussed in detail later with numerical simulations.
To deepen our understanding, we have investigated the EL spectra of our sample from 50 to 200 K. A helium closed-cycle cryostat from Advanced Research Systems has been used to cool the device to cryogenic temperatures with thermal grease applied to ensure good thermal conductivity. Figures 4 (a) and (b) show the EL spectra dependent on the operating temperature at driving currents of 10 µA and 10 mA, respectively. Again, each spectrum is normalized to its peak value. The EL spectra can be clearly differentiated between spectrum 1 and spectrum 2 due to the nature of decreases in the full width at half maximum (FWHM) of the EL spectra at low operating temperatures [16] . As depicted in Fig. 4 (a) , at a low driving current of 10 µA, the primary emission spectrum is spectrum 1 and the ratio of spectrum 2 to spectrum 1 increases gradually as the operating temperature decreases. On the other hand, in Fig. 4 (b) measured at a high driving current of 10 mA, the EL spectrum shifts almost completely from spectrum 1 to spectrum 2 and the ratio of spectrum 2 to spectrum 1 increases dramatically as temperature decreases. In summary, we observe the overall behavior that the portion of spectrum 2 increases compared to spectrum 1 as the operating temperature decreases.
For a more detailed analysis of experimental results in Figs. 3 and 4 , the integrated powers of spectrum 1 and spectrum 2 are plotted as a function of driving current at temperatures of 50, 200, and 300 K in Figs. 5 (a), (b), and (c), respectively. It is observed that the rate of increase (slope) of spectrum 1 becomes smaller after a certain driving current whereas spectrum 2 begins at a lower value than spectrum 1, catches up with spectrum 1, and eventually follows the behavior of spectrum 1. The only difference among the phenomena observed in Figs. 5 (a), (b) , and (c) is the driving current where the slope becomes smaller, which is roughly equal to the crossing point of spectrum 1 and spectrum 2. In other words, the current at the cross-over of dominant emission from spectrum 1 to spectrum 2 gradually increases with operating temperature. In all cases, QWs with the lower bandgap energy near the center of the MQWs emit predominantly at low currents even though they are not the ones closest to the p-type layer. At high currents, emissions from QWs close to the p-and n-type layers possessing a higher bandgap energy becomes more pronounced. The reason why the overall EL efficiency at 50 K is lower and starts showing a lower slope at a lower current than at 300 K is that at 50 K, the total recombination rate in the active region becomes saturated at a lower current than at 300 K. The total recombination rate in the active region of an InGaN-based LED device is significantly affected by the operating temperature [17] , [18] . At cryogenic temperatures, the Shockley-Read-Hall (SRH) recombination via defect levels, which is a primary nonradiative recombination process inside the MQWs, is suppressed as defects become inactivated. Consequently, the total recombination rate in MQWs decreases as the operating temperature decreases. As the carrier injection rate exceeds the total carrier recombination rate at the lowerbandgap In 0.15 Ga 0.85 N QWs, carriers start to spill over and overflow to adjacent higher-bandgap In 0.12 Ga 0.88 N QWs and more light is emitted from there.
A similar argument can be made as to why spectrum 2 becomes more pronounced as temperature is lowered to 50 K at a given current level [ Figs. 4 (a) and (b) ]. In this case, the total recombination rate in the lower-bandgap QWs becomes smaller as temperature is lowered due to the same reason mentioned above. Consequently, the carriers spill over to the adjacent higher-bandgap QWs, enhancing the emission there. From this reasoning, we can infer that the recombination rate in the QWs plays an important and decisive role in determining the carrier distribution in MQWs as much as the hole characteristics.
To support our hypothesis, we depict in Fig. 6 the FWHM of spectrum 1 as a function of driving current at 50, 200, and 300 K. The increase of the FWHM with the driving current is typically thought to be caused by the band-filling effect of injected carriers in the QWs. As shown in Fig. 6 , the current at which the FWHM starts to increase is lower at lower operating temperature. It is roughly equal to the crossing point of spectrum 1 and spectrum 2 shown in Fig. 5 . From this result, we can see that the carrier spill-over/overflow to the adjacent higher-bandgap In 0.12 Ga 0.88 N QWs is triggered by the saturation of the radiative recombination rate accompanying the band filling in the lower-bandgap In 0.15 Ga 0.85 N QWs. This trigger phenomenon is observed at lower driving current at lower operating temperature. Thus, from the experimental results and consideration, we can conclude that the carrier distribution is preferentially limited by the nature of carrier relaxation, i.e., occupying the central region of MQWs in this structure, and is subsequently limited by the recombination rate in the lower-bandgap QWs that induce the carrier spill-over/overflow to the higher-bandgap QWs. In particular, the escape probability from the lower-bandgap QWs to the higher-bandgap QWs is consequently affected by the degree of saturation in radiative recombination rate in the lower-bandgap QWs.
In order to investigate the carrier distribution and its determining factor from a different point of view, numerical simulations have been performed at 300 K by using the APSYS software. Most of the parameters used in this work are the same as in [19] except the QW structure and doping concentrations. Figures 7 (a), (b) , and (c) depict the twodimensional distributions of electrons and holes, and the radiative recombination rate in the active region, respectively. Cases of two different current densities are shown: low current density (3.5 A/cm 2 ) and high current density (70 A/cm 2 ). Each data is normalized to its peak value for comparison. The bimolecular radiative recombination coefficient (B) and the Auger recombination coefficient (C) are intentionally changed from 5×10 −11 cm 3 /s and 5×10 −32 cm 6 /s (1×10 −10 cm 3 /s and 1×10 −33 cm 6 /s) at the low current density to 1×10 −11 cm 3 /s and 1×10 −32 cm 6 /s (5×10 −11 cm 3 /s and 5×10 −34 cm 6 /s) at the high current density for In 0.15 Ga 0.85 N (In 0.12 Ga 0.88 N) QWs, respectively. When the injection current is increased initially, the radiative recombination coefficient typically increases due to screening of the piezoelectric field by injected carriers. As the current is increased further, the radiative recombination coefficient then decreases due to the phasespace filling [20] [21] [22] . The high current density simulated in Fig. 7 is in this regime of phase-space filling. The overall recombination coefficient decrease with the In mole fraction in QWs takes into account the quantum-confined Stark effect (QCSE) [23] . It is noted that without the changes in B and C coefficients, the change in spectrum could not be reproduced.
At the low current density, electrons mostly occupy higherbandgap QWs on the n-and p-sides, whereas holes accumulate mostly in the lower-bandgap QWs in the central region. As a result, the radiative recombination process can be observed mainly from the QWs in the central region, contributing to spectrum 1, since the scarce hole distribution is the dominant factor in determining the recombination of e-h pairs. On the other hand, at the high current density, the electron density in the higher-bandgap QWs slightly increases compared to the one at the low current density. Meanwhile, the hole density in higher-bandgap QWs on n-and p-side drastically increases compared to the one at the low current density. As a result, the radiative recombination process is now observed dominantly from the higher-bandgap QWs, contributing to spectrum 2. This characteristics of nonuniform carrier distributions depending on the injection current level explains the difference between the spectra from the EL and the uniformly pumped PL and also highlight the importance of the recombination rate and associated energy levels in QWs in the active region in the LED under current injection.
In Figs. 8 (a) and (b), we show schematic energy band diagrams, including direct carrier injection, indirect carrier injection (spill-over/overflow), recombination, and distribution at low and high driving currents, for summary and discussion of what has been explained. At low driving currents [ Fig. 8 (a) ], where quasi-Fermi levels approach the In 0.15 Ga 0.85 N QW first, injected electrons and holes from the bulk layers begin to occupy the lowest energy states in the active region within the diffusion length of each carriers and the carrier concentrations build up there [direct carrier injection represented in Fig. 8 (a) ]. Since the electron concentration is higher than the hole concentration in In 0.15 Ga 0.85 N QWs even under low driving current, the radiative recombination rate is mainly limited by the hole concentration. As a result, the electron injection rate exceeds the recombination rate due to insufficient hole concentration. For this reason, the electrons already begin to spill-over/overflow to higher-bandgap QWs [indirect carrier injection shown in Fig. 8 (a) ] while the holes mainly occupy the central region of the MQWs. Consequently, we expect spectrum 1 predominantly emitted via recombinations of e-h pairs in the lower-bandgap QWs [ Fig. 7 (c)] .
As the driving current is increased further, quasi-Fermi levels approach the In 0.12 Ga 0.88 N QW and electrons are injected into the entire QWs while holes begin to occupy the QW closest to the p-type layer [direct carrier injection in shown Fig. 8 (b) ]. Here, the QW closest to the n-type layer is thought to be out of diffusion length of the hole. As the carriers fill up the quantized energy states in the In 0.15 Ga 0.85 N QWs due to the carrier injection rate exceeding the recombination rate, a phenomenon known as the phase-space filling and band filling occur [6] , [16] . Eventually, beyond a certain carrier concentration in the In 0.15 Ga 0.85 N QWs, more carriers continuously spill over to the In 0.12 Ga 0.88 N QWs [indirect carrier injection shown in Fig. 8 (b) ]: the hole concentrations in In 0.12 Ga 0.88 N QWs then increase rapidly, resulting in more prominent spectrum 2 via recombination of e-h pairs in the In 0.12 Ga 0.88 N QWs. It is pointed out that the carrier redistribution by the recombination dynamics is similar to the efficiency droop explained via the injection rate exceeding the recombination rate and subsequent carrier overflow or spill-over initiated by the saturation of the recombination rate (phase-space filling) [18] , [22] . In our case, spectrum 2 via recombinations of e-h pairs in the In 0.12 Ga 0.88 N QWs is reinforced by redistribution of carriers with the injection rate exceeding the recombination rate in the In 0.15 Ga 0.85 N QWs and subsequent spill-over to adjacent higher-bandgap QWs. The limitation of the recombination rate in the lowest energy states in the active region introduced by such effects as the local potential fluctuation and the QCSE is considered influential in the onset of carrier spill-over and is thought to play an important role in terms of quantum efficiency in InGaN-based LEDs [24] , [25] .
IV. CONCLUSION
In summary, we have investigated on the dominant factors determining the carrier distribution in InGaN/GaN MQW LED devices. A dichromatic MQW structure has been employed to understand how the carrier distribution is determined. By analyzing PL and temperature-dependent EL spectra, it has been demonstrated that the carrier recombination rate plays an important role in determining the carrier distribution in the MQWs.
Through these experiments and analysis, it is concluded that the simple differences in electron and hole characteristics, i.e., mobility and effective mass, are not sufficient to explain the observed spectra. The carrier dynamics including the carrier relaxation, build-up, and recombination affected by the saturation phenomena should be considered as an important factor in determining the carrier distribution in the InGaN MQW active region. Therefore, to achieve highly efficient InGaN LED devices via realization of a large effective active volume through uniform carrier distribution, more attention should be paid on how to increase the recombination rate in the MQWs, especially the radiative recombination rate, by using such measures as relaxing the piezoelectric field and/or local potential fluctuation. (M'95) 
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